The basal forebrain provides modulatory input to the cortex regulating brain states and cognitive 9
Introduction
power, and specific for transgenic NpHR+ animals ( Fig. 2C, D; supplementary figure 4 ). Moreover, 1 optogenetic stimulation of transgenic NpHR+ animals was only effective in evoking cortical 2 activation, when the optic fibre was accurately positioned in the basal forebrain, and not in other 3 brain regions (supplementary figure 5) . Thus, the effect of cortical activation was specific for 4 optogenetic disinhibition of the basal forebrain. Laser induced cortical activation also caused a 5 marked reduction of neural synchrony measured by the coherence between individual neurons (i.e., 6 single units) and the other simultaneously recorded cells (i.e., multiunits), in particular for activity in 7 the low frequency range (< 10 Hz, Fig. 2E ). Previous studies have shown that enhanced and 8 decorrelated cortical activity can attributed to the activation of basal forebrain cholinergic pathways 9 innervating the cortex (Goard and Dan, 2009, Pinto et al., 2013) . In order to confirm that cholinergic 10 projection neurons mediated laser induced cortical activation in our experimental conditions, we 11 locally applied cholinergic receptor antagonists in the medial prefrontal cortex. Cholinergic blockers 12 significantly diminished cortical activation (from 35.7 ± 3.2 % (before drug), to 19.0 ± 3.7 % (after 13 drug); W = 1438, p < 10 -6 , Wilcoxon signed rank test, n = 64 cells, 3 mice), confirming that at least 14 part of the effect of basal forebrain activation was mediated by enhanced cholinergic transmission 15 to the cortex. Importantly, baseline spiking activity in the cortex was not affected by cholinergic 16 receptor antagonists. On the other hand, optical stimulation produced a significant increase in 17 discharge probability at all intervals (Friedman test, p = 1.07x10 -18 ). Nevertheless, the effect of 18 optical stimulation progressively decreased after local drug application (Wilcoxon signed rank test, p 19 = 2.6 x10 -4
). In order to confirm that cholinergic projection neurons mediated laser induced cortical 20 activation, we locally applied cholinergic receptor antagonists in the medial prefrontal cortex. 21 Cholinergic blockers significantly diminished cortical activation (from 35.7 ± 3.2%, before drug; to 22
19.0 ± 3.7%, after drug), confirming that at least part of the effect of basal forebrain activation was 23 mediated by enhanced cholinergic transmission to the cortex (supplementary figure 5). 24 25 The multielectrode probe used in our experiments allowed us to simultaneously sample neural 26 activity from different cortical layers (supplementary figure 6). We found that superficial layers 27 contained a tiny fraction of the recorded cells, with the large majority of active cells (79.8 %) being 28 located in deeper layers. Interestingly, despite large differences in the total numbers of cells by 29 layer, similar proportions were activated at all depths. We next tested if optical stimulation of the 30 basal forebrain exerted differential effects according to cortical cell type (supplementary figure 6). 31
For this, we sorted units according to spike duration. A histogram of spike durations for all recorded 32 units showed a bimodal distribution, with fast-spiking cells (i.e., spike duration < 0.6 ms), putative 33
GABAergic interneurons (McCormick et al., 1985) , accounting for a small fraction of the total 34 neuronal population (9.9 %). Fast-spiking cells discharged at significantly higher rates (unpaired t-35 test, p = 3.9 x 10 -36
, 5.16 ± 0.39 Hz) than regular-spiking cells, (i.e., spike duration > 0.6 ms, 2.5 ± 0.05 36 Hz) , putative pyramidal cells (McCormick et al., 1985) . Optical stimulation of the basal forebrain 37 activated similar proportions of putative interneurons and pyramidal cells. However, the increase in 38 discharge probability produced by laser stimulation was significantly higher on interneurons (35.5 ± 39 5.9 %) than on pyramidal cells (26.2 ± 1.0 %; unpaired t-test, p = 0.019). Hence, the cell type-specific 40 increase in discharge probability produced by laser stimulation suggests differential dynamics of 41 neuronal activation by cell type in the cortex upon basal forebrain excitatory drive. 42 43 Optogenetic stimulation of the basal forebrain reorganizes cortical oscillatory patterns 44 We sought to establish if the prominent effect in cortical spiking during basal forebrain stimulation 1 was correlated with specific changes in network activity patterns in the cortex. Our recordings were 2 performed in the context of anesthesia-induced slow oscillations, which resemble slow waves 3 occurring during natural deep sleep and powerfully phase-modulate neuronal activity across the 4 entire cortical mantle (Steriade et al., 1993a , Steriade, 2006 . We normalized the LFP signal and 5 plotted the distribution of baseline slow oscillation epochs in reference to laser stimulation (Fig. 3A,  6 B). Hence, we found that slow oscillatory episodes distributed in two clusters (Fig. 3B) , from which, 7 only one cluster was affected by optical stimulation in the basal forebrain (Fig. 3C, D) . That is, only 8 very slow frequency, high power oscillations were suppressed by optogenetic stimulation. We then 9 studied if slow oscillatory cortical activity was able to bias the effect of the input provided by the 10 basal forebrain. We found that the effect of optogenetic stimulation on cortical activity was phase-11 modulated by slow oscillations (supplementary figure 7) . Although basal forebrain disinhibition was 12 able to enhance cortical activity in all phases of the slow oscillation, the effect was maximal during 13 the active phase of slow oscillations and minimal at the peak of slow oscillation cycles, 14 corresponding to the silent phase of the rhythm (supplementary figure 7) . Furthermore, the 15 influence of basal forebrain on cortical spiking did not extend for the whole duration of the light 16 pulse (supplementary figure 7) . Instead, optogenetic stimulation of the basal forebrain was phase 17 modulated by the slow oscillation only during the second half of the laser pulse (i.e., 3-5 s, 18 supplementary figure 7). These results suggest that the impact of basal forebrain output on cortical 19 activity strongly depends on the ongoing cortical state. 20 21 In addition, we analyzed cortical gamma band activity, a prominent marker of cortical activation 22 (Sohal et al., 2009) , which seems to rely on the activity of basal forebrain parvalbumin-expressing 23 cells, rather than depend on cholinergic neurons (Kim et al., 2015) . Hence, we quantified the spectral 24 distribution of cortical activity and found a prominent shoulder in the low gamma range (20-40 Hz, 25 Fig. 3E ), which power was significantly more elevated during optical stimulation when compared to 26 control periods (Wilcoxon signed rank test, p = 0.0226, Fig. 3G ). This result was specific for the low 27 gamma band, as it was not detected in the high gamma band (55-80 Hz, supplementary figure 8) . In 28 addition, we also computed the density of gamma oscillatory episodes (Sirota et (Fig. 4A, B) . Locomotor responses to laser stimulation of double transgenic NpHR+ 4 animals were larger and faster than responses of control NpHR-animals ( Fig. 4C ). Locomotor 5 responses were only different between NpHR+ and NpHR-animals when the initial state was 6 quiescent (i.e.; not moving). Indeed, when animals were already moving, optogenetic inactivation of 7 basal forebrain somatostatin cells produced no significant differences in locomotor displacements 8 (supplementary figure 10) . Furthermore, in order to discard nonspecific effects due to sensory 9 detection of laser light, we repeated optogenetic stimulation in transgenic NpHR+ animals, but 10 physically blocked the light path between ferrules (Fig. 4A) . In doing so, we found that optogenetic 11 stimulation was only effective in triggering movement when light was allowed to pass through the 12 optic fiber to the basal brain (Fig. 4C) . Under those conditions, responses were faster and larger. 13 Thus, optogenetic inactivation of basal forebrain somatostatin neurons selectively elicits locomotor 14 activity in quiescent animals, likely due to general cortical activation and increased arousal. Locomotor activity elicited by optogenetic stimulation of the basal forebrain during resting states 44
As a result of cortical activation, and given that the basal forebrain receives synaptic input from 1 brainstem regions implicated in movement and arousal (Lee and Dan, 2012), we predicted that 2 arousal and locomotion would also be increased during optogenetic inhibition of somatostatin cells. 3 Moreover, a recent study has described a prominent projection from basal forebrain somatostatin 4 cells directly to the ventral tegmental area and dorsal striatum (Do et al., 2016), reinforcing the idea 5 that such neuronal population might be related with the regulation of locomotor activity and 6 movement execution. Consistently, we found that bilateral inhibition of basal forebrain somatostatin 7 cells elicited locomotor activity in quiescent animals. Since we did not monitor EEG or EMG activity, 8 we cannot ascertain the stage of the sleep-wake cycle that animals were undergoing, yet it is 9 possible that given the long periods of inactivity preceding optical stimulation (> 40 s), at least during 10 some of the stimulation episodes, animals were sleeping. Interestingly, when animals were awake 11 and active (i.e.; moving), optogenetic inactivation of basal forebrain somatostatin cells produced no 12 significant differences in locomotor patterns. This suggests that the effects of basal forebrain 13 activation triggered by somatostatin cells were strongly dependent on the ongoing behavioral state. 14 Similar results have been previously reported for the effect of the basal forebrain on brain states. 15 For example, in the visual cortex the effect of optogenetic activation of basal forebrain cholinergic 16 neurons depends on the behavioral state immediately before the laser onset (Pinto et al., 2013 Glucosaline solution was injected subcutaneously every 2 hours. 28
In fully anesthetized mice, the scalp was cut and retracted to expose the skull. Mice were then 29 implanted with a customized lightweight metal head holder and the head was held in a custome 30 made metallic holder. Next, small craniotomies (~1 mm) were made with a dental drill above the 31 basal forebrain (AP 0.38 mm and ML 1.5 mm from Bregma) (Franklin and Paxinos, 2007)and the 32 prefrontal cortex (AP 2.5 mm and ML 0.35 mm from Bregma). The exposed dura was cut to expose 33 the cortex giving access for implantation of the optic fiber and recording electrodes which were 34 inserted at a depth of 4 mm and 1-2.2 mm, respectively. Neuronal activity in prefrontal cortex was 35 recorded extracellularly with a 32 channel-four shank silicon probe (Buzsáki 32, Neuronexus) (mean 36 resistance 1 MΩ) stained with DiI and inserted into the brain with a 30° angle towards the midline. 37
Neuronal activity in basal forebrain was recorded by using a 32 channel-silicon probe (A1x32-Poly3-38 6mm-50-177, Neuronexus) stained with DiI and connected to an optic fibre (100 μm in diameter) 39 attached to the shank (optrode). Electrical activity was recorded with a 32-channel Intan RHD 2132 40 amplifier board connected to an RHD2000 evaluation system (Intan Technologies). Single-unit 41 activity and local field potential (LFP; sampling rate 20 kHz) were digitally filtered between 300 Hz -42 5 kHz and 0.3 Hz -2 kHz, respectively. Spike shape and amplitude were monitored during recording 43 to ensure that the same cells were recorded. 44
To allow local drug injection a third craniotomy was made above mPFC (AP 2.0 mm and ML 0.87 mm 1 from Bregma) and a 50 μm-tip pipette was inserted dorso-ventrally with a 30° angle towards the 2 midline. For the blockade of cholinergic receptors in mPFC 200 nl of atropine (2 mM) and 3 mecamylamine (2 mM) (1:1) (Sigma Aldrich) were microinjected at 1.4mm DV (IM-9B microinjector, 4 Narishige), at minute 5 of the recording, while giving pulses of light on the basal forebrain and 5 recording from mPFC. 6 7
Surgery for chronic implantation 8
Mice were anaesthetized with isoflurane (5% induction and 1.5-2% maintenance) and placed on a 9 stereotaxic frame (David Kopf Instruments). Temperature was kept at 37° throughout the procedure 10
(1 -2 hours) using a heating pad. The skin was incised to expose the skull and a craniotomy (~1 mm 11 in diameter) was made with a dental drill above the basal forebrain bilaterally (AP +0.38 mm and ML 12 +/-1.5 mm from Bregma) (Franklin and Paxinos, 2007). Two optic fibers (diameter 200 um, length 11 13 mm; Thorlabs) inserted and glued to ceramic ferrules (diameter 230 um, length 6.4 mm; Thorlabs) 14 were descended through both craniotomies until reaching the basal forebrain and anchored to the 15 skull using dental cement. After surgery, mice received a daily dose of enrofloxacin (10 mg/kg, 16
Centrovet) for five days and supplementary analgesia with ketoprofen (5 mg/kg, Centrovet) for three 17 days. Animals were allowed at least a week of recovery before behavioral tests. For chronically implanted animals, we randomly delivered a train (10 1-s square pulses at 1 Hz, 15 -36 20 mW) every 2 -3 min. 37 38
Open field test 39
The testing arena (50 cm x 30 cm x 30 cm tall) was made of black painted acrylic, and illuminated by 40 a 60 W bulb placed 150 cm above. The bilaterally implanted animal (see Surgery for details) was 41 connected to optical fibers (200 um diameter, 1 m length) and placed on its cage to be habituated to 42 the room for at least 15 min before testing. Next, the animal was placed in the testing arena for 10 43 to 20 minutes with no laser stimulation. This procedure was performed for three days to habituate 44 the animal both to the room and arena. On the fourth day, the animal was placed in the testing 45 arena for one hour and the stimulation protocol was then applied. The test was recorded using a 1 digital video camera with a frame rate of 30 FPS. In some experiments, light transmission through 2 the cannule was blocked with a small piece of aluminum foil placed between the ferrules. 3 4
Behavioral event analysis 5 A custom MATLAB script was used to estimate animal movements. Briefly, the digital video was 6 converted to a series of frames in RGB scale. For the whole video, consecutive frames on the green 7 scale were used to detect the laser onset as well as to calculate the absolute value of the averaged 8 difference between frames. Thus, any change in the image tracking could be quantified to estimate 9 animal movements during the test. Finally, the movement estimator was z-scored to normalize 10 different sessions and its absolute value was de-noised with a moving average (step = 50 bins). Laser 11 effect was analyzed every time the animal was in a quiescent state before stimulation, i.e. 12 movement estimator below 2 z-score for at least 40 s before the beginning of the laser train. The 13 latency of the effect induced by laser was analyzed up to 40 s after the train stimulation offset (i.e. 14 60 s after the onset of laser train) and was calculated as the interval between 20 s and the time-15 point when the estimator exceeded 2 z-scores. Neural activity in the cortex and basal forebrain was cross-correlated with the light pulse by applying 5 the "sliding-sweeps" algorithm (Abeles and Gerstein, 1988). A time window of ± 15 s was defined 6 with point 0 assigned to the light onset. The timestamps of the cortical and basal forebrain spikes 7 within the time window were considered as a template and were represented by a vector of spikes 8 relative to t = 0 s, with a time bin of 500 ms and normalized to the basal firing rate of the neurons. 9
Thus, the central bin of the vector contained the ratio between the number of neural spikes elicited 10 between ± 250 ms and the total number of spikes within the template. Next, the window was shifted 11 to successive light pulses throughout the recording session, and an array of recurrences of templates 12 was obtained. Both neural timestamps and start times of light pulses where shuffled by randomized 13 exchange of the original inter-event intervals and the cross-correlation procedure was performed on 14 the random sequence. The statistical significance of the observed repetition of spike sequences was 15 assessed by comparing, bin to bin, the original sequence with the shuffled sequence. An original 16 correlation sequence that presented a statistical distribution different from 100 permutations in at 17 least three bins during the optical stimulation interval was considered as statistically significant, with 18 p < 0.01 probability, instead of chance occurrence (see Statistics non-causal finite impulse filter with 0.5 Hz roll-off. Next, the signal was rectified and low pass filtered 5 at 20 Hz with a 4th order Butterworth filter. This procedure yields a smooth envelope of the filtered 6 signal, which was then z-score normalized using the mean and SD of the whole signal. Epochs during 7 which the normalized signal exceeded a 2 SD threshold were considered as events. The first point 8 before threshold that reached 1 SD was considered the onset and the first one after threshold to 9 reach 1 SD as the end of events. The difference between onset and end of events was used to 10 estimate the gamma duration. We introduced a 150 ms-refractory window to prevent double 11 detections. In order to precisely determine the mean frequency, amplitude, and duration of each 12 event, we performed a spectral analysis using Morlet complex wavelets of seven cycles. Finally, a 13 minimum duration criterion of 150 ms was used. were calculated during the first 3 seconds of the laser pulse. Black line shows mean and shaded area 10 depicts s.e.m. Sinusoidal bottom line represents two cycles of the slow oscillation. The same data are 11 repeated in two cycles for phase histograms to indicate oscillations. The peak of the extracellularly 12 recorded oscillations in prefrontal cortex was at 0° and 360°. Bin size: 40°. Insets: average discharge 13 probability profile for different phases of cortical slow oscillations. Left, light stimulation during cycle 14 peaks (around 0 degrees). Right, light stimulation during cycle troughs (around 180 degrees). Note 15 laser responses during peaks and troughs were significantly different (* p < 0.05, Wilcoxon signed-16 rank test). Scale bar: horizontal, laser stimulus (5 s); vertical, discharge probability (10 %). C, 17 statistical significance z-score of the phase modulation discharge probability as a function of the 18 integration time window (measured from laser pulse onset). Dashed line indicates statistical 19 nor duration was affected by light intensity. Yet, the mean episode frequency was slightly increased 1 (supplementary table 1 significantly different between NpHR+ and NpHR-animals (Wilcoxon rank-sum test). Pulse train; 10 7 1s pulses at 0. 
